Retinal patterning
Establishment of the eye field
Eye formation in vertebrates is tightly interconnected with the patterning of the forming neuroectoderm at the onset of gastrulation. Controlled by factors patterning the neural plate, the eye field is determined in the anterior neuroectoderm soon after neural induction (Chow and Lang, 2001 ) by a series of inductive signals. These are sub-divided into three major steps: neural induction in the presumptive ectoderm, anterior-posterior subdivision of the neural plate and specification of the eye field in the diencephalic territories ( Fig. 1) .
Neural induction follows a molecular mechanism that likely applies to all vertebrates (Wilson and Houart, 2004) . Factors of the fibroblast growth factor family (Fgf) are secreted prior to the onset of gastrulation (Gamse and Sive, 2001; Itoh et al., 2002; Wessely et al., 2001; Wilson et al., 2000) and trigger neural fate, when Wnt-signalling is suppressed (Niehrs, 1999; Stern, 2006) . To establish and maintain neural fate, bone morphogenetic proteins (BMPs) must be repressed by antagonists such as Follistatin, Noggin, Chordin and Cerberus (Bouwmeester et al., 1996; Hemmati-Brivanlou et al., 1994; Niehrs, 2001) which are specifically expressed in organising centres such as the Spemann organiser (amphibia), Hensen's node (birds) or the mouse node.
Fates along the anterior-posterior axis of the neural plate are determined by posteriorising factors such as retinoic acid, or secreted proteins of the Wnt, Fgf, BMP or Nodal family (Agathon et al., 2003; Munoz-Sanjuan and Brivanlou, 2001 ). The role of Wnt-signalling becomes obvious when members of the Wnt-pathway are mutated. Enhancement of Wnt-signalling results in the absence of head structures in the zebrafish mutant headless (hdl/Tcf3), a negative Wnt-modulator (Kim et al., 2000) . The opposite phenotype is observed in mutants affected in Nodal-signalling. Here the telencephalon is massively expanded as observed in the zebrafish mutant one-eyed pinhead (oep) (Gritsman et al., 1999; Kim et al., 2000) Fig. 1 -Christmas tree scheme of vertebrate eye development. The central trunk of the tree represents both, temporal axis as well as ventral midline. Orange indicates neuroectodermal parts fated to become retina during stages prior to neurulation. Concomitant with neurulation optic vesicles undergo the first morphogenetic transition: they evaginate and get subpatterned into optic stalk (blue), pigmented retinal epithelium (yellow) and prospective neuroretina (red). In the subsequent second morphogenetic transition, the formation of the optic cup, retinal differentiation triggered by a Fgf signalling centre, spreads over the entire retina. The lens (green) forms from surface ectodermal derivatives. Adapted from with permission.
in which a co-receptor for Nodal is affected. In its absence, posteriorising signals, relayed by functional Nodal-signalling, are lacking (Schier, 2003) . Thus the induction of the eye anlage in the anteriormost neuroectoderm requires the delicate balance between neural inducers, posteriorising factors and their secreted antagonists expressed in the anterior neuroectoderm (Esteve and Bovolenta, 2006) .
2.
Sub-patterning of the anterior neural plate
To define the eye anlage, telencephalon and diencephalon, the anterior neural plate is subsequently further subdivided rostro-caudally by a graded Wnt-activity (Wilson and Houart, 2004) as illustrated by the phenotype observed in the Axin1 mutant masterblind (mbl) in zebrafish. mbl/Axin1 acts as a scaffolding protein and is required for the down-regulation of Wnt-signalling (Heisenberg et al., 2001) . mbl mutant embryos exhibit a local increase in Wnt-signalling activity due to the absence of Axin1 and consequently fail to subdivide the anterior neural plate. Instead, telencephalon and the eyes are respecified to a more posterior diencephalic fate (Heisenberg et al., 2001; van de Water et al., 2001 ).
In addition, secreted frizzled related proteins (FRPs) such as Tlc (Houart et al., 2002) and sFRP1 (Esteve et al., 2004) contribute to a sharpening of the local Wnt-activity. Secreted by the anterior neural plate they act as Wnt-antagonists to eventually establish well-defined, sharp boundaries.
3.
Transcription factors involved in the establishment of retinal identity Wnt needs to be repressed in the eye anlage to allow the subsequent development of the optic vesicles. This is in part mediated through the transcription factor Six3, one of the key factors involved in early eye field specification (Lagutin et al., 2003; Liu et al., 2010; Loosli et al., 1998 Loosli et al., , 1999 Oliver et al., 1995) . It is initially expressed in the eye anlage and encodes a homeobox containing transcription factor of the six/sine oculis family (Loosli et al., 1998; Oliver et al., 1995) . It was identified by its homology to the Drosophila gene sine oculis (Cheyette et al., 1994) and is considered to be the ortholog of the Drosophila gene, Optix (Seimiya and Gehring, 2000; Toy et al., 1998) . Ectopic overexpression of Six3 results in the formation of ectopic eye cups in fish and amphibia (Loosli et al., 1999; Zuber et al., 1999) . Strikingly, this only occurs in a competence domain in the midbrain (and in the eye), where exogenous Six3 triggers a feedback loop that results in the persistent activation of endogenous Six3 (Loosli et al., 1999) . Clonal expression of Six3 in contrast results in the transformation of the otic placode to ectopic lenses replacing the ear (Oliver et al., 1996) .
Loss of function data highlight the crucial role of Six3 in the specification of the vertebrate eye anlage and the patterning of the anterior neural plate. Both in medaka morphant embryos as well as in mouse knock-out (KO) mutants, structures anterior to the midbrain are not established in the absence of Six3 function (Carl et al., 2002; Lagutin et al., 2003) . In mouse KO mutants the absence of Six3 results in the anterior expansion of posterior markers, hinting at a direct role for Six3 in shaping the Wnt-activity gradient in the anterior neural plate (Lagutin et al., 2003; Liu et al., 2010) . In line with that, Six3 overexpression rescues forebrain patterning and thus telencephalic and eye fate in hdl mutant embryos, lacking the Wnt-repressor Tcf3 (Lagutin et al., 2003) . Conversely, increased Wnt-signalling prevents Six3 expression (and eye field specification) (Braun et al., 2003; Kiecker and Niehrs, 2001; Nordstrom et al., 2002) . Taken together, Six3 is active in regions of low Wnt-activity in the anterior neural plate, where it acts as a negative modulator of Wnt-signalling in a self-reinforcing pathway (Wilson and Houart, 2004) . Interestingly this function of Six3 in patterning the anterior neural plate appears evolutionarily ancient and conserved (Arendt and Wittbrodt, 2001; Sinigaglia et al., 2013) .
Following the establishment of the eye anlage, a family of retinal specific transcription factors, named retinal homeobox transcription factors (Rx), is crucially involved in optic cup morphogenesis and photoreceptor specification. Rx genes are found in all vertebrates studied so far; while the mouse genome contains only one Rx orthologue (Rax), three Rx paralogues have been uncovered in fish (Rx1, Rx2 and Rx3) (Chuang et al., 1999; Deschet et al., 1999; Mathers et al., 1997) .
The targeted inactivation of Rx/Rax in mouse results in the complete absence of eyes, both on the level of morphology as well as on the level of retina specific markers (Mathers et al., 1997) indicating an early role of Rx genes in the specification of retinal progenitor cells (RPCs) (Zhang et al., 2000) . Mutations in the Rx3 gene in fish medaka (eyeless/el), zebrafish (chokh/chk) both result in the establishment of an eye field that fails to laterally evaginate optic vesicles (Loosli et al., 2001 Rojas-Muñ oz et al., 2005; Stigloher et al., 2006; Winkler et al., 2000) . At this stage of development, Rx genes are involved in proliferation control within the eye field facilitated through the regulation by Six3/Optx2 (Six6) Loosli et al., 1999; Zuber et al., 1999 Zuber et al., , 2003 .
The 'most prominent eye gene' is probably Pax6, a transcription factor containing two DNA binding domains, a paired-type homeodomain and a paired domain (Czerny and Busslinger, 1995; Glaser et al., 1994; Mikkola et al., 1999; Tang et al., 1998) . It is highly conserved between vertebrates and invertebrates and mis-expression of Drosophila ey/Pax6 or the mouse orthologue smalleye/Pax6 in Drosophila imaginal discs can trigger the development of ectopic eyes in competent tissue at the site of mis-expression (Halder et al., 1995a) . These results, together with the early expression of vertebrate Pax6 genes in the anterior neural plate (Grindley et al., 1995; Hirsch and Harris, 1997; Li et al., 1994; Loosli et al., 1998; Pü schel et al., 1992; Walther and Gruss, 1991) has led to the suggestive 'master control gene hypothesis' for Pax6, as key regulator of eye development conserved throughout bilaterian evolution (Gehring and Ikeo, 1999; Halder et al., 1995b; Quiring et al., 1994) .
Recent data however indicate that this function is rather taken by Six3 as an evolutionarily conserved anterior neural plate/eye determinant (Sinigaglia et al., 2013) . While in absence of Six3 the eyes do not form, Pax6 mutant mice or rats initially develop eyes that eventually fail to be maintained (Hill et al., 1991; Hogan et al., 1986; Philips et al., 2005) . Since Pax6 can activate the expression of Six3, it has been discussed that ectopic retinal structures induced with low efficiency by the ectopic expression of Pax6 in vertebrates, are due to the activation of Six3 expression in response to ectopic Pax6 (Chow et al., 1999; Kobayashi et al., 1998; Loosli et al., 1999) .
Another prerequisite for the establishment of retinal identity is the repression of the transcription factor Otx2, the vertebrate orthologue of the Drosophila transcription factor orthodenticle (Finkelstein et al., 1990) . It is expressed throughout the anterior forebrain early in embryogenesis (Mori et al., 1994) where it precedes any other eye field marker (Simeone et al., 1993) . Otx2 is required for the establishment of the eye field specific transcription factor network formed by Six3, Rx3 and Pax6 Chow and Lang, 2001; Chuang and Raymond, 2002; Lupo et al., 2000; Mathers and Jamrich, 2000) . With the onset of the expression of Six3, Rx3 and Pax6 in the eye field, Otx2 expression is down-regulated Loosli et al., 1998) and Six3 and Rx3 can efficiently restrict Otx2 if expressed ectopically .
Strikingly, the potential of Six3 to induce ectopic eyes is restricted to the Otx2 expression domain in the midbrain (Loosli et al., 1999) and the potency of a cocktail of eye specification genes to induce ectopic eye structures in Xenopus is strongly enhanced by the addition of Otx2 (Zuber et al., 2003) . Thus Otx2 plays a permissive role in the initiation of the eye field and confers eye field competence to the neural plate, to eventually be down-regulated during eye field specification.
Split of the eye field
After retinal identity is established in the eye anlage, indicated by the overlapping expression of Six3, Rx3 and Pax6 in the single, centrally positioned eye field, secreted factors of the Tgf-ß-, Fgf-and Shh-families are emanating from the underlying axial mesoderm to split the eye anlage into two bilateral symmetric retinal primordia. If this process fails, one centrally positioned (cyclopic) eye is formed. Genes affected in cyclopic zebrafish mutants (e. g. cyclops/cyc or squint/sqt) encode Nodal-related factors of the Tgf-ß family (Feldman et al., 1998; Hatta et al., 1991; Rebagliati et al., 1998; Sampath et al., 1998) . In response to the activity of these secreted factors, prospective hypothalamic cells migrate from a position posterior to the eye field. This medial stream of cells separates the single, central eye field and establishes two eye primordia (England et al., 2006; Hirose et al., 2004; Varga et al., 1999) . This occurs concomitant with the expression of Shh in the ventral midline in the underlying mesendoderm. The absence or blocking of Shh-signalling also results in cyclopia. Therefore Shh acts as a crucial patterning factor in the abutting neuroectodermal domain. This domain is sensitised by midline secreted Fgf signals (Carl and Wittbrodt, 1999) and is rendered competent to respond to Shh. High concentrations of Shh induce more proximal identities (e.g. optic stalk) at the expense of distal structures that form in response to low concentrations of Shh. A number of fate determining homeobox transcription factors (e.g. Vax1, Vax2 and Pax2) (Barbieri et al., 1999; Carl and Wittbrodt, 1999; Dressler et al., 1990; Hallonet et al., 1999; Schulte et al., 1999) indicate the response of the tissue to the fate induction by Shh.
Strikingly the graded response to Shh is mimicked morphologically by a graded loss of Six3, uncovering an unexpected role for this transcription factor also in proximo-distal patterning of the eye primordia. The central part of the eye field is most sensitive to the loss of Six3 and disappears first in a graded knock-down resulting in cyclopia phenotypes (Carl and Wittbrodt, 1999) . The more Six3 activity is repressed, the further the loss of diencephalon extends distally to eventually result in the complete absence of eye and forebrain in a complete knock-down (Carl and Wittbrodt, 1999) .
5.
Balance between proliferation and differentiation
The role of Six3 in balancing proliferation and differentiation is of particular interest. Even though Six3 acts already during eye field specification, its activity is still required at all subsequent steps of eye formation. To control cell proliferation Six3 has entered an additional route: rather than influencing the cell cycle machinery on the transcriptional level by controlling the expression of its components, Six3 interacts directly with the machinery.
On the one hand, Six3 and its paralogue Six6 function as transcriptional repressors in interaction with co-repressors of the Groucho family to repress target genes (Kobayashi et al., 2001; Lopez-Rios et al., 2003; Zhu et al., 2002) . A direct transcriptional regulation of the cell cycle inhibitor p27
kip1 by Six6 has been demonstrated (Li et al., 2002) . Here Six6 stimulates proliferation by repressing the transcription of a cell cycle inhibitor. On the other hand, Six3 also employs an immediate route by directly interacting with the cell cycle machinery. It controls the proliferation of RPCs by binding to and thus directly inhibiting Geminin, an inhibitor of the initiation of replication . This unusual interaction of a transcription factor with a key component of the cell cycle machinery (Tessmar et al., 2002) , has independently been reported for Hox genes in a different context (Luo et al., 2004) . By binding to Geminin, Six3 inhibits an inhibitor and allows Cdt1 (Tada et al., 2001; Wohlschlegel et al., 2000) to be loaded to the initiation complex on the origins of replication and thus to permit the licensing of the origins for G1/S transition (Li and Rosenfeld, 2004) . During the formation of the eye field, Six3 and Geminin antagonise each other to tune cell proliferation. Consequently gain-of-function phenotypes of Geminin closely resemble the loss-of-function phenotypes of Six3 and vice versa . Geminin is inhibited by the binding of Six3 and this permits cell cycle progression and proliferation during the establishment of the eye field. On the other hand, there is a direct influence of Geminin on the regulatory potential of Six3 as a transcription factor, now favouring transcriptional activation and neuronal differentiation. In this delicate interaction, Six3 acts as a bimodal switch that, depending on its developmental context, stimulates proliferation during the initiation of retinal identity and later during retinal differentiation promotes RPCs to adopt their terminal fate as retinal neurons or glia .
Optic vesicle evagination
While the eye field is patterned and split, it also expands massively in size. Even though morphogenesis and proliferation are intimately linked, proliferation does not appear to be the driving force of optic vesicle evagination (Harris and Hartenstein, 1991) . Also the change of cell shape which has been proposed to contribute to the optic vesicle formation in mouse (Svoboda and O'Shea, 1987) does not seem to drive the process in fish. Here the enlargement of the area of the optic vesicle rather appears to be driven by a specific migratory behaviour of RPCs (Brown et al., 2010; Rembold et al., 2006) . Medaka or zebrafish embryos carrying a mutation in Rx3 fail to laterally evaginate optic vesicles (Loosli et al., 2001 Winkler et al., 2000) (Fig. 2) . The detailed in vivo analysis of individual cell behaviour during optic vesicle evagination by 4D microscopy allowed description of the process with cellular resolution (Keller et al., 2008; Rembold et al., 2006) . The enlargement of the forming optic vesicles is orchestrated by a particular sequence of events that involve the specific softening of the epithelialized neural tube at the site of evagination (Rembold et al., 2006) . This is followed by the immigration of individual cells to this area in the lateral diencephalon, where they intercalate, epithelialize, and thus contribute to the enlargement of the optic vesicle. The vesicle ''rolls out'' from its anterior origin by the continuous intercalation of newly arriving RPCs (Rembold et al., 2006) . The migrating cells follow a specific migratory pattern and their behaviour is determined by cell adhesion and signalling molecules and corresponding receptors, in particular NLCAM (Brown et al., 2010) and SDF/CXCR4 (Weisswange and Wittbrodt unpublished data, (Bielen and Houart, 2012) ).
Optic vesicle evagination is initiated at the onset of neurulation by a retarded migration of the Rx3 positive RPCs of the eye field in their approach toward the midline. Consequently these RPCs are still in a lateral position when the tube is closed since they have been passed by their non RPC neighbour cells (anterior, posterior and lateral/dorsal). In wild-type embryos, these RPCs have transiently given up their epithelialisation. In the absence of Rx3 activity however, all cells approach the midline with the same pace, the lateral diencephalic region of the neural retains its epithelialisation and even though RPCs are formed, they do not migrate outwards (Rembold et al., 2006) (Fig. 3) .
The relative contribution of migration and loss of epithelialisation is illustrated by clonal 4D time lapse analysis.
Transplantation of wild type cells into Rx3 mutant hosts indicates that the migratory potential of wild-type cells is sufficient to rescue optic vesicle formation. Strikingly, in this condition vesicle formation occurs while the neural tube remains epithelialised. Individual cells are penetrating the epithelium and converge to rescue optic vesicles (Rembold et al., 2006) . The coordination of cell behaviour during vesicle formation seems of crucial relevance for their future function (Picker et al., 2009 ) since morphogenesis and pattern formation in the optic vesicle are intimately linked (Picker et al., 2009 ) by Fgf-signalling.
7.
Optic cup formation
The morphogenetic challenge in optic cup formation is the same for all vertebrates, with variations of the theme. At the beginning of optic cup morphogenesis the optic vesicle represents an epithelial, bi-layered ball-like structure that eventually is transformed into the eye cup with a multi-layered neuro-retina surrounded by the retinal pigmented epithelium.
The combination of light sheet microscopy (Hö ckendorf et al., 2012; Huisken et al., 2004; Keller et al., 2008) and transgenic fish expressing GFP in the forming eyes allowed to follow and delineate the entire process of optic cup morphogenesis (Martinez-Morales et al., 2009) in vivo. Once the optic vesicles have evaginated they undergo a series of morphogenetic transformations to establish a hemispheric optic cup from a ball like vesicle. In fish this process is subdivided into three major steps: the bending of the epithelial sheet of RPCs from anterior to posterior, the bending along its dorso-ventral axis and finally the closure of the optic fissure to form a regular optic cup. The anterior-posterior bending occurs concomitant with the dorso-ventral bending while the closure of the optic fissure is concluded subsequently (Martinez-Morales and . While the described requirement of interactions of the early lens placode with the retina for retinal initiation was suggestive for a contribution of the lens also in initiating and guiding optic cup folding, recent data indicate that these processes are not interdependent (reviewed in Martinez-Morales and (Fig. 4) . Optic cup formation rather depends on cell intrinsic factors and can even occur in vitro (Eiraku et al., 2011) .
The cell biology of optic cup formation involves epithelial bending by basal constriction. This was uncovered in the medaka mutant ojoplano (opo/c11c3) that fails to undergo optic cup morphogenesis, while retinal patterning and differentiation occur normally (Loosli et al., 2004; ). The gene affected in opo encodes a novel, vertebrate specific transmembrane protein involved in vesicular transport. The mutation affects basal constriction of RPCs in the prospective neuro-retinal epithelium. In the absence of opo, cells retain a columnar shape, while in wild-type embryos they become triangular, basally restricted. To achieve this basal constriction of RPCs, the opo protein controls the polarised, basal localisation of focal adhesion components . opo interacts with the PTB-domain of the clathrin adaptors, Numb and Numbl, and opo and Numb/Numbl antagonise each other in regulating integrin-ß trafficking to control optic cup morphogenesis. opo facilitates the pointed basal anchoring through integrin-ß by negatively regulating integrin endocytosis specifically at the basal surface of the retinal progenitor cells. This way, opo locally stabilises the pointed focal contact at the basal side, resulting in the triangular cells shape required to bend the optic vesicle (Bogdanović et al., 2012) .
Initiation of retinal differentiation
In the vertebrate retina the differentiation of retinal progenitor cells follows a stereotypic order that is conserved among different vertebrate species (Cepko et al., 1996; Livesey Cepko, 2001) . Retinal ganglion cells are the first neurones to be born in the retina of all vertebrates analysed. From the site of initial neuronal differentiation a wave of neurogenesis sweeps over the retina (Hu and Easter, 1999; Laessing and Stuermer, 1996; McCabe et al., 1999; Young, 1985) and by analogy to Drosophila, Shh has been proposed to drive this differentiation wave (Neumann and Nü sslein-Volhard, 2000) . To achieve this, Shh modulates intrinsic timers that, once trigged, run independently (Kay et al., 2005) . In clear contrast to Drosophila, the initiation of retinal differentiation however is independent of Shh (Neumann, 2001) . Interestingly, the precise spot where the first neurones will be born is tightly regulated, both spatially and temporally. The ''organising centre'' for neurogenesis is located at different positions depending on the vertebrate species analysed. Initial data published for zebrafish hint at the optic stalk as the source for the initiating signal (Masai et al., 2000) . Here the establishment of the optic stalk territory is a prerequisite to trigger retinal differentiation in its close vicinity (Masai et al., 2000) .
In chicken embryos, in contrast, retinal differentiation is initiated in a central retinal domain, at a distance to the optic stalk. It was shown that in both chicken and fish embryos, the direct activity of Fgf, emanating from species-specific local organisers, triggers retinal ganglion cell differentiation (Martinez-Morales et al., 2005) . In an elegant combination of gene expression analysis, experimental embryology and tissue culture studies, using wild type and mutant zebrafish and chicken embryos it was demonstrated that the combined activity of Fgf8 and Fgf3 directly triggers the differentiation of retinal ganglion cells (Martinez-Morales et al., 2005) . Similarly Fgf8 rescues neuronal differentiation in the retina of oep embryos (Martinez-Morales et al., 2005) , which normally fail to initiate this process due to the mis-specification of the optic stalk territory (Masai et al., 2000) indicating a conserved mechanism involving secreted Fgf ligands to initiate retinal differentiation at a defined, species specific organising centre (Esteve and Bovolenta, 2006) .
Perspectives and challenges
The teleost eye has always been an ideal model for neurobiology that touches key aspects of neural development as well as neuronal network formation and function, and facilitates functional in vivo studies in an experimentally accessible system. Among the most striking features of the eye of anamniotes is their life-long growth and unique regenerative capacity. During both processes functionality has to be ensured and homeostasis of the entire visual system has to be maintained, not only of the growing or regenerating retina, but also homeostasis of the (growing or regenerating) processing areas in the brain. The challenging complexity of this connection in the eyes of anamniotes and in particular of teleosts can now be tackled following new functional avenues, advanced genetics, lineage analysis and optogenetic approaches. The eye that has triggered far reaching thoughts on evolution long ago, has now entered a new functional era with exciting perspectives in basic research and applied biomedicine.
